Purpose: To quantitatively evaluate microdistortions in Bowman's layer and change in corneal stiffness after small incision lenticule extraction (SMILE).
Methods: This was a prospective, longitudinal, and interventional study. Thirty eyes of 30 patients were screened preoperatively and underwent SMILE for treatment of myopia with astigmatism. Visual acuity, refraction, optical coherence tomography (OCT; Bioptigen, Inc., Morrisville, NC) imaging of the layer and air-puff applanation (Corvis-ST, OCULUS Optikgeräte Gmbh, Germany) was performed before and after surgery (1 day, 1 week, and 1 month). The Bowman's Roughness Index (BRI) was defined as the enclosed area between the actual and an ideal smooth layer to quantify the microdistortions. A viscoelastic model was used to quantify the change in corneal stiffness using applanation.
Results: Uncorrected distance visual acuity improved (P , 0.001) and refractive error decreased (P , 0.0001) after SMILE. BRI increased from preoperative levels (1.81 3 10 À3 mm 2 ) to 1 week (3.14 3 10 À3 mm 2 ) after SMILE (P , 0.05) and then decreased up to a month (2.43 3 10 À3 mm 2 ; P , 0.05). Increase in the magnitude of the index correlated positively with refractive error (P ¼ 0.02). However, corneal stiffness reduced after SMILE (105.86 6 1.4 N/m versus 97.97 6 1.21 N/m at 1 month, P ¼ 0.001). The decrease in corneal stiffness did not correlate with refractive error (P ¼ 0.61).
Introduction
Since the advent of femtosecond lasers in refractive surgery, the predictability of laser-assisted laser in situ keratomileusis (LASIK) flaps has been superior to microkeratome based LASIK flaps. 1 In 2011, a new method called small incision lenticule extraction (SMILE) was reported. 2 Since then several studies have demonstrated comparable refractive outcomes between SMILE and LASIK, with significantly less dryness and inflammation. [3] [4] [5] Theoretical biomechanical advantage of SMILE over LASIK was analyzed in recent studies. 6, 7 Clinical significance and utility of this biomechanical advantage is yet to be proven (e.g., assessment of ectasia risk).
Recent studies have reported the occurrence of unintended microdistortions in Bowman's layer after SMILE. [8] [9] [10] There are several factors related to the induction of microdistortions (e.g., ease of separation and extraction of lenticule from the stroma, corneal biomechanics, refractive error). 11 In this study, a new index, named Bowman's Roughness Index (BRI), was defined to quantify the microdistortions in the central cornea following SMILE. It was hypothesized that change in BRI would be greater in eyes with greater refractive error. Therefore, correlation between change in BRI and change in refractive error was assessed. BRI quantified the smoothness of the anterior edge of the Bowman's layer and was used for location-specific analyses, without the need for peripheral corneal imaging. 12 A mathematical method using a linear spring-dashpot model to estimate corneal stiffness from air-puff applanation was used for biomechanical analyses.
Methods

Study Population
The study was a prospective, interventional, longitudinal case series. The study was approved by the ethics committee of Narayana Nethralaya MultiSpecialty Eye Hospital, Bangalore, India. Written informed consent was obtained from the patients. The study was conducted in accordance with the tenets of the Declaration of Helsinki. The study included 30 randomly selected eyes of 30 patients, who underwent SMILE. A random sequence of numbers ranging from 1 to 30 was generated by a random number generator and indexed in ascending order (e.g., the first index in the list could be the 10th patient, the second index in the list could be 21st patient and so on). Then, the left eye of all odd indices and the right eye of all even indices were selected for analyses. Patients between 18 to 50 years of age with a stable moderate to high myopia for a minimum period of 1 year (a change of 0.25 D or less), a corrected distance visual acuity (CDVA) of 20/25 or better, a spherical equivalent refraction less than À10 D and a refractive astigmatism less than À3 D were included in the study. Patients with central corneal thickness (CCT) less than 480 lm, a calculated residual stromal bed thickness of less than 250 lm after the surgery, a history of keratoconus, diabetes, collagen vascular disease, pregnancy, breastfeeding, and any prior ocular surgery or trauma were excluded from the study.
Study Design
All patients underwent uncorrected distance visual acuity (UDVA), CDVA, and refraction (sphere and cylinder) assessment before and 1 month after surgery. Corneal deformation was measured with Corvis-ST (OCULUS Optikgeräte Gmbh, Germany) before and 1 month after surgery. Biomechanical measurements were performed only a month after SMILE to allow the cornea to heal and after the application of most topical medications ended other than artificial tears. The central 3-mm Bowman's layer was imaged with the high resolution optical coherence tomography (OCT; Envisu, Bioptigen, Inc., Morrisville, NC). The OCT had a digital axial and lateral resolution of 1.93 lm and 3 lm, respectively. The OCT had an optical resolution of 2.4 lm in tissue, which allowed imaging of the layer with sufficient number of pixels. This resolution was restricted to the 3-mm image scan size only. Thus, image scan size greater than 3 mm was not used in this study. At 1 month after surgery, UDVA, CDVA, sphere, cylinder, and corneal deformation were measured. However, OCT imaging was performed not only at 1 month but also at day 1 and week 1 after surgery to measure the longitudinal changes in the microdistortions. 8 The same examiner performed the OCT imaging of all the eyes and at all time points. At each time point, the scan was performed along the nasal-temporal direction. The location of the 2-D scan was set at each follow-up such that it subdivided visually the en face projection image of the cornea in to nearly two equal halves. Further, at least three 2-D scans were acquired in quick succession at each follow-up time point.
Surgical Procedure
A single experienced surgeon performed all the surgeries using the VisuMax FS laser system (Carl Zeiss Meditec AG, Jena, Germany) with a 500-kHz repetition rate under topical anesthesia (0.5% proparacaine hydrochloride, Sunways Pvt. Ltd., Maharashtra, India) instilled two to three times under aseptic precautions. Laser cut energy index was 170 nJ. Spot spacing was 2 lm for creation of the lenticule side cut and 4.5 lm for creation of the lenticule. Lenticule and cap diameter was 6.0 and 7.7 mm, respectively. Intended cap thickness was 110 lm. After the refractive lenticule was created, it was dissected and separated through the side-cut opening and removed manually. No fluid hydration or intraoperative massaging of the cornea was performed after lenticule removal. At the end of the procedure, the cornea was moistened with a wet merocel sponge. A drop of moxifloxacin hydrochloride 0.5% (Vigamox, Alcon Laboratories, Inc, Fort Worth, TX) was instilled in both eyes and the procedure was completed. Postoperative treatment included 0.5% moxifloxacin hydrochloride four times a day for 1 week, tapering dose of topical 1% prednisolone acetate suspension (Pred Forte, Allergan, Inc., Irvine, CA) starting from four times a day to once daily for 3 days each and a topical lubricant (Optive, Allergan, Inc.) four times a day for a month.
Study Endpoints
The posterior edge of the Bowman's layer became less evident after SMILE. Therefore, only the anterior edge of the Bowman's layer was segmented from the OCT images before and after surgery (pink line in Fig.  1 , top) using graph theory (MathWorks, Inc., Natick, MA). 13 After segmentation, a third order polynomial was curve fit to the segmented pixels of the edge (green line in Fig. 1, top) . A third order polynomial was chosen since a paraxial second order equation can be used to represent a meridian of most normal corneas. 13 With a third order polynomial, the second order gradient necessary for curvature calculations can be captured better. Since the same order of the polynomial was used before and after SMILE, the spatial resolution of curve fitting method was also the same before and after SMILE. A schematic overlay of the segmented edge of Bowman's layer and third order polynomial curve fit is shown in Figure 1 bottom. The shaded areas represent the areas enclosed between the microdistortions and curve fit. If A 1 , A 2 , . . ., A n were n enclosed areas, BRI was defined as the summation:
If there were more microdistortions, the magnitude of BRI would increase and vice versa. Further, BRI was zero, when microdistortions were absent. The mean BRI from three images of each eye was calculated and used for further analyses.
To evaluate the corneal deformation before and after surgery, a spring and dashpot model was modified from a recent study 14 to quantify the corneal deformation independent of the extra-ocular tissue deformation. The spring and dashpot model was used to describe the deformation amplitude (reported by Corvis-ST), which was a sum of the cornea and extraocular tissue deformation in response to the force applied by the air-puff (F air-puff ).
14 The previous study was not able to assess the stiffness of the cornea independently.
14 In this study, the model was improved further by using a combination of a spring, having stiffness Kc (in N/m), and a parallel network, having stiffness Kg (in N/m) and viscosity lg (in Pa.sec). This improved model is shown in Figure 2 . The mathematical description that linked F air-puff and the corneal deformation was as follows:
In equation (2), Kc represented the stiffness of the cornea. Kg and lg represented the stiffness and viscosity of the extra-ocular tissues, respectively. u 1 was the deformation amplitude waveform reported by Corvis-ST. u 2 was the deformation of the extra-ocular tissues only. The term du 2 / dt accounted for the viscous delay in the deformation of the extra-ocular tissues. Thus, corneal deformation was given by u 1 À u 2 . By using equation (2) , the effect of SMILE on the change in deformation of both the cornea and extraocular tissues could be assessed. By measuring the deformation of the segmented anterior edge of the cornea near its endpoints, u 2 was calculated. 15 The stiffness of the cornea varies nonlinearly with applied stress or force. 16 Therefore, Kc was represented as a function of applied air-puff pressure (P air-puff ):
Equation (3) simply implied that the cornea stiffened exponentially as the air-puff pressure increased. The cornea is always under stress due to force (F IOP ) of the intraocular pressure (IOP) in vivo. During applanation, there was a net force being applied, which can be mathematically represented as F IOP þF air-puff . By treating the in situ configuration of the cornea as the baseline, the corneal deformation during applanation was simply due to F air-puff (i.e., F IOP þF air-puff minus F IOP ). By combining equations (2) and (3) into equation (4), a unique quantification of the nonlinear corneal stiffness and extra-ocular stiffness plus viscosity was achieved.
Here, F air-puff ¼ P air-puff 3 Applanation Area and t was the current applanation time. Applanation area was approximated as a circle of diameter 2.5 mm. 16 Equation (2) was solved for all time points of the applanation period simultaneously. Least squares technique and finite difference method was used to obtain Kc, Kg, and lg. In Corvis-ST, P air-puff varied from 0 to 180 mmHg. Since P air-puff varied during applanation, Kc also varied. After b and a were computed from equation (4), Kc was computed at all P air-puff ranging from 0 to 180 mmHg in steps of 10 mmHg. Mean corneal stiffness ( f Kc) was calculated as the mean of all Kcs at corresponding P air-puff . In equation (4), mass inertia of the cornea was neglected as it had negligible impact on the computed values of Kc and f Kc due to explicit delineation of corneal deformation from the deformation amplitude waveform. 14, 16 Both Kc and f Kc represented a summation effect of both geometry (thickness) and modulus on corneal deformation. Thus if either thickness or modulus or both were effected, it would have also affected Kc and f Kc (i.e., if thickness was reduced and modulus remained unchanged, corneal stiffness was also reduced). Other corneal deformation variables used for statistical analyses included deformation amplitude at highest concavity, time of first applanation, time of second applanation, time at which highest concavity was attained, area under the deformation amplitude curve, 17 area under the corneal deformation curve, 17 and area under the extra-ocular tissue deformation curve.
Statistical Analysis
All variables were assessed for normality of distribution. Longitudinal group means were assessed with paired t-test and repeated measures analysis of variance with Bonferroni adjustment. Correlation between the ratio of post-to preoperative BRI and change in spherical equivalent was assessed. Similarly, the ratio of post-to preoperative BRI and change in UDVA was assessed. The ratio of post to preoperative BRI would be greater than 1, if microdistortions increased after SMILE and vice versa. The above correlations were also assessed for the ratio of post-to preoperative f Kc. Repeatability of BRI was assessed with coefficient of variation. 18 Coefficient of variation, expressed as percentage, was calculated as the ratio of standard deviation to mean value of BRI from the three images. All variables were presented as mean 6 SEM, where SEM was the standard error of the mean. A two-sided P-value , 0.05 was considered statistically significant. Statistical analyses were performed with MedCalc v16.4.3 (MedCalc Software bvba, Ostend, Belgium).
Results
Mean age of the subjects was 24.47 6 0.67 years. Mean spherical equivalent refractive error was À5.1 6 Figure 2 . A spring-dashpot model to describe corneal and extraocular tissue deformation caused by air-puff applanation. Kc and Kg are the corneal and extra-ocular tissue stiffnesses, respectively. lg is the viscosity of the extra-ocular tissue. u 1 and u 2 are the deformation amplitude and deformation of the extra-ocular tissue, respectively. F air-puff is the force applied by the air-puff.
0.3 D and À0.37 6 0.11 D before and 1 month after SMILE, respectively (P , 0.0001). Mean programmed lenticule thickness was 90.68 6 22.99 lm. Mean CCT was 507.5 6 4.4 lm and 436.4 6 7.14 lm before and 1 month after SMILE, respectively (P , 0.0001). Mean IOP was 16.7 6 0.26 and 15.9 6 0.27 before and 1 month after SMILE, respectively (P ¼ 0.32). Mean UDVA (in LogMAR) was 1.06 6 0.11 and 0.05 6 0.01 before and 1 month after SMILE, respectively (P , 0.0001). Mean CDVA (in Log-MAR) was 0.03 6 0.01 and 0.07 6 0.02 before and 1 month after SMILE, respectively (P ¼ 0.34). All eyes had unchanged CDVA at 1 month (P . 0.05).
Mean BRI was 1.86 3 10 À3 6 6.9 3 10 À5 mm 2 , 2.56 3 10 À3 6 3.7 3 10 À5 mm 2 , 3.14 3 10 À3 6 8.5 3 10 À5 mm 2 , and 2.43 3 10 À3 6 8.5 3 10 À5 mm 2 before, 1 day after, 1 week after, and 1 month after SMILE, respectively (Fig. 3) . The mean ratio of post-to preoperative BRI at 1 day, 1 week, and 1 month after SMILE was 1.40 6 0.04, 1.64 6 0.07 and 1.34 6 0.05, respectively. Mean BRI before surgery was significantly different from mean BRI at day 1 (P , 0.0001), week 1 (P , 0.0001), and month 1 (P , 0.0001). Mean BRI at week 1 was significantly different from mean BRI at day 1 (P , 0.0001) and month 1 (P , 0.0001) . The coefficient of variation of BRI was 0.1%. The mean coefficient of regression of the third order polynomial curve fit on segmented Bowman's layer edge was 0.99 6 1 3 10
À3
. The ratio of post-to preoperative BRI correlated positively with postoperative decrease in spherical equivalent refractive error (r ¼þ0.51, P ¼ 0.02) and with postoperative improvement in UDVA (r ¼ þ0.38, P ¼ 0.03). versus fitted) , extra-ocular tissue deformation (measured versus fitted), and applanation pressure (measured versus fitted), respectively. As shown, the model described by equation (4) was able to describe all the measured deformations accurately. In Figures 4B and 4C , the peak corneal and extra-ocular tissue deformation was obtained at~0.015 and 0.02 seconds, respectively. This trend required the use of the term du 2 / dt to model the viscous deformation of the extra-ocular tissues. Figure 5 (top) shows a comparison of Kc versus applanation pressure (symbols) before and 1 month after surgery. The two continuous lines (solid and dashed) in Figure  5 (top) are regressions using equation (3) applied to before and after SMILE data. From Figure 5 (bottom), it is evident that Kc reduced after surgery at all applanation pressures. e Kc was lower (105.86 6 1.4 N/m versus 97.97 6 1.21 N/m) after SMILE (P ¼ 0.001). However, the ratio of post-to preoperative e Kc did not correlate with postoperative decrease in spherical equivalent refractive error (r ¼ þ0.13, P ¼ 0.61) and with postoperative improvement in UDVA (r ¼ þ0.02, P ¼ 0.72) 1 month after SMILE. In these correlations, the same eyes were evaluated before and after surgery. Thus, age and IOP were not potential confounders and change in corneal thickness was highly correlated to attempted refractive correction by design.
Other corneal deformation variables that were significantly altered after SMILE at 1 month were deformation amplitude at highest concavity (1.14 6 0.01 mm versus 1.22 6 0.02 mm, P ¼ 0.001), time of first applanation (7.53 6 0.03 msec versus 7.23 6 0.06 msec, P ¼ 0.001), time of second applanation (21.27 6 0.06 msec versus 21.60 6 0.08 msec, P ¼ 0.001), and time at which highest concavity (14.98 6 0.08 msec versus 15.20 6 0.07 msec, P ¼ 0.001) was attained. The area under the deformation amplitude curve (13.33 6 0.22 mm.msec versus 14.73 6 0.32 mm.msec, P ¼ 0.001) and area under the corneal deformation curve (9.94 6 0.25 mm.msec versus 11.28 6 0.33 mm.msec, P ¼ 0.001) were significantly higher after SMILE indicating increased compliance of the cornea. However, area under extra-ocular tissue deformation curve, Kg and lg were similar before and 1 month after SMILE (P ¼ 0.73, 1.0, and Figure 3 . Mean BRI before, 1 day after, 1 week after, and 1 month after surgery. There was a statistically significant difference (P , 0.0001) between all time points. 0.73, respectively) indicating that SMILE did not alter extra-ocular tissue deformation.
Discussion
The Bowman's layer does not regenerate, if disrupted, and its degeneration can be a potential marker of specific diseases like keratoconus. 12 Both LASIK and SMILE were designed to preserve the Bowman's layer. In SMILE, microdistortions may be a cause of potential biomechanical instability after the surgery. 8 The earlier study on microdistortions after SMILE used visual examination of the Bowman's layer only to quantify the microdistortions as local peaks. 8 An OCT device was used that had a digital resolution of 5 lm over a scan area of 6 mm. 8 This study improved on the earlier study by using a fully automated image segmentation method to define BRI as a quantifier of microdistortions using high resolution OCT images over a 3-mm scan area. BRI increased and then decreased after SMILE similar to index M. 8 However, an interesting finding was that BRI had a nonzero magnitude before SMILE, which contradicts the assumption of a smooth Bowman's layer preoperatively in the earlier study. 8 Thus, the relative impact of the microdistortions in Bowman's layer on visual quality needs to be assessed with respect to preoperative visual quality in future studies.
Visual examination of microdistortions showed that they remained stable after 1 week and may reduce marginally. 8, 10 This study showed that BRI increased up to 1 week and then decreased contrary to the earlier reports. 8, 10 The index may serve as a useful metric to quantitatively analyze corneal healing in an individual eye after SMILE. It may also serve as a metric for the surgeons to improve the surgical technique of lenticule separation and extraction to minimize the microdistortions. Surgeons may also modify the femtosecond laser parameters to deliver optimum energy, which may further reduce the magnitude of the index. Further in eyes where the index does not decrease longitudinally after week 1, there may be unwanted optical complications, which need to be evaluated further.
The ratio of post-to preoperative BRI also correlated positively with the magnitude of refractive correction and change in visual acuity. This implied that the magnitude of microdistortions increased as more tissue was removed. There may be multiple causes of this acute increase in BRI: (a) mechanical stress during lenticule separation 11 and extraction; (b) corneal biomechanics 11 ; (c) mismatch between the surface area of the anterior and posterior surface of the lenticule 19 ; and (d) relaxation of the anterior lamellae due to severance of the transverse fibers in the anterior stroma. 20 This would cause the anterior lamella to distort acutely and lead to a temporary increase in BRI. It is not clear how these phenomena can be dissociated from each other. Therefore, these phenomena require further study. In this study, a new method of quantification of corneal stiffness (Kc) was also introduced. e Kc was significantly lower after SMILE indicating decrease in corneal stiffness. Other biomechanical variables also showed significant alteration after SMILE indicating reduce corneal stiffness (e.g., decrease in time of first applanation indicated that the cornea reached the first applanation point earlier due to thinner cornea and possibly reduced modulus of elasticity). Similarly, increase in area under the corneal deformation curve and unchanged area under the extra-ocular tissue deformation curve indicated an increased compliance of the cornea after SMILE contributed to the increased deformation amplitude. However, the decrease in e Kc was independent of the magnitude of refractive error or change in UDVA. Thus, corneal deformation by air-puff applanation was not significantly impacted by the increase in microdistortions or BRI. Further studies with a larger sample size and longer follow-up are needed to validate the results of this study.
Recent studies have investigated the change in corneal deformation after LASIK and SMILE. Corneal deformation parameters reported by Corvis-ST were similar between LASIK and SMILE in a recent study. 21 A study with Ocular response analyzer (ORA) reported decrease in corneal hysteresis (CH) and corneal resistance factor (CRF) after SMILE, but the decrease in magnitude was similar to measurements obtained after LASIK. 22 When the myopic refractive error was . À6 D, the decrease in CH, CRF, and other ORA waveform variables in SMILE eyes were lower than the decrease measured in LASIK eyes. 23 Another study reported that time of first applanation and deformation amplitude were similar after SMILE and LASIK. 24 None of these studies actually reported corneal stiffness nor was the magnitude of any variable delineated from the extra-ocular tissue deformation. Further studies are needed to evaluate e Kc in other types of refractive surgery and in degenerate corneas such as keratoconus.
The lack of correlation between the change in e Kc and the magnitude of refractive correction also needs to be assessed with long term follow-up. A possible explanation for this lack of correlation may be the level of mechanical stress induced by air-puff appla- figure) . The bottom figure shows the mean corneal stiffness before and 1 month after surgery. * Indicates statistically significant difference (P ¼ 0.001) before and after surgery in mean corneal stiffness.
nation. 16, 25 Advanced biomechanical models have shown that high air-puff pressure induced high mechanical stresses in the cornea, which can cause the collagen fibers to be recruited. 16, 25 Under such a scenario, it becomes complex to segregate the linear (matrix modulus) and nonlinear (collagen modulus) contribution to corneal stiffness by the model used in this study (equation 3). 16, 25 Though corneal stiffness was assumed to be a nonlinear function of applanation pressure, better mathematical representation may be needed to capture the nonlinearity of corneal stiffness in future studies. This may enable better biomechanical characterization of the tissue in proportion to the amount of tissue removed and emphasize some biomechanical contribution to the acute increase in BRI.
The present study suggested that the BRI was positively correlated to magnitude of refractive error and remained unaffected by the decrease in corneal stiffness, when assessed by air-puff applanation and viscoelastic model. A limitation of this work was that BRI was analyzed only in scans of the horizontal meridian of the cornea. However, similar magnitude of standard error of the mean at each follow-up time point (Fig. 3) indicated that measurements were repeated at the same location at each follow-up. Three-dimensional quantification of the Bowman's layer may yield additional information about the longitudinal changes after SMILE. 12 However, the low coefficient of variation of BRI and concordance with past studies supported the conclusions from this study. Improved methods 26 and devices 27 for extraction of the lenticule may also reduce the magnitude of BRI after SMILE. This needs to be evaluated further.
